Abstract. Atomic force microscopies were used to quantitatively study and map the surface elastic properties of polymers and polypropylene/ethylene-propylene copolymer blends (PP/EP). Force curve and force modulation measurements were realized on polymers with moduli ranging from 10 to 3000 MPa. Both types of measurements enable us to classify polymers as a function of their rigidity. For rigid polymers, the results are in quantitative agreement with the predictions of a simple elastic model. The influence of a thin polymer layer on the surface elastic properties was also investigated. Force modulation responses are influenced by the subsurface elastic properties down to depths that may reach hundreds of nanometres. Force modulation microscopy was performed on the surface of physical blend compression-moulded plates and of 'reactor blend' injection-moulded plates. Images reveal soft regions embedded in a rigid matrix. For the physical blend, the force modulation measurements indicate that the rigidity on the EP nodules is close to that measured on pure EP, suggesting that the nodules are present at the outermost surface. Conversely, for the 'reactor blend', the EP nodules have an intermediary rigidity between those measured on bulk EP nodules and on pure PP, suggesting that EP nodules are under a skin of PP.
Introduction
Polypropylene (PP), is widely used in the automotive industry thanks to its inertness, its good solvent resistance and its low price. However, PP becomes brittle at low temperatures below its glass transition temperature, T g , around 0
• C. This limits the use of PP in applications such as car bumpers. PP toughness can be improved by blending it with an elastomeric polymer. This can be achieved either by blending PP with various (ethylenepropylene) copolymer rubbers (EP), or by producing an 'in-situ' elastomeric EP phase during the polymerization of the resin ('reactor blends'). Whatever the technique used, the final product presents a diphasic morphology where EP nodules are dispersed in the PP matrix.
When used in car bumpers, PP/EP is more and more frequently painted. However, polyolefins present poor § Author to whom correspondence should be addressed. E-mail: nysten@poly.ucl.ac.be adhesion properties, attributed to their low surface free energy, their good solvent resistance and their lack of polar functionalities [1] . The introduction of EP in PP already provides better paint adhesion [2] [3] [4] [5] . However, the role of EP in adhesion mechanisms is still speculative. An important drawback to the understanding of EP influence on adhesion mechanisms is the lack of knowledge on the blends surface morphologies (lateral distribution and shape of EP nodules). This is due to the similar chemical composition and density of EP and PP which limit the investigation of these surfaces by chemical surface analysis techniques or by scanning electron microscopy without hard etching.
Since its invention in 1986 by Binnig et al [6] , atomic force microscopy (AFM) has undergone a dramatic development. This is not only due to its ability to image surface topography and structure from the micrometre scale down to the atomic scale but also to the possibilities it offers to access to surface properties such as local adhesion properties [7, 8] , chemical heterogeneities [7, 9] and local mechanical properties [10, 11] . Recently, force modulation microscopy (FMM), was introduced to map the surface elastic properties of materials [12] [13] [14] [15] [16] . It was already successfully used to characterize the bulk morphologies of PP/EP resins presenting different impact resistances [17] . More than being able to reveal the bulk morphology through the mechanical contrasts between rigid and soft phases, FMM images also allow us to understand the impact behaviours of both PP/EP resins by comparing the contrasts of the viscoelastic responses measured on both materials. However, at this stage of development, force modulation results were only qualitative and contrasts were given on a scale with arbitrary units.
In this study, AFM and FMM techniques have been used to study the surface elastic properties of polymer surfaces. Force curves and force modulation measurements have been realized on polymers presenting a large range of elastic moduli. It will be shown that this approach provides calibration scales in order to estimate the surface elastic modulus of polymer surfaces. Mapping of the elastic properties of PP/EP blends surfaces has also been performed. Such mappings reveal the lateral distribution and the shape of EP nodules at the surface of PP/EP blends without any surface pre-treatment (etching, metallic coating, etc). Moreover, the analysis of these results will show that novel information concerning the depth distribution of EP nodules from the outermost surface to the subsurface can be obtained.
Theoretical
In this section, the principles of force curves and force modulation by sample position modulation are presented. A simple elastic model, Hertz model [18, 19] , is used to link force curves and force modulation results with sample surface elastic properties. The limits of these modes and the experimental restrictions are also discussed.
Atomic force microscopy
In classical AFM experiments, the sample is mounted on a piezoelectric xyz translator and placed in contact with a sharp tip mounted on a soft cantilever. The cantilever deflexion proportional to the tip-sample interaction force is generally measured by detecting the angular deflexion of a laser beam reflected from the back of the cantilever extremity [20] . While the sample is scanned horizontally below the tip, the tip-sample interaction force is kept constant by a feedback loop which moves the sample up and down as the tip follows the surface contours. A threedimensional topographic image of the sample surface is thus obtained by plotting the sample vertical motion as a function of its lateral position.
Force curves
In force curve measurements, a vertical displacement of the sample, z, is imposed and the subsequent tip displacement, d, is measured through the deflexion of the laser beam focused on the cantilever extremity. The tip-sample interaction force, F , is deduced by means of the Hooke's relationship:
where k c is the cantilever stiffness. Force curves are usually divided into different regions [21] . In this work, the part where the electrostatic repulsion forces are dominant is only considered. In this case, with silicon tip much stiffer than polymers, the tip penetrates the sample surface and an indentation depth, δ, equal to z − d, can be measured. The lower the sample elastic modulus, the greater will be the indentation depth. By using the Hertz mechanical model adapted to the geometry of the tip-sample system [19] surface elastic modulus could be deduced from the following equation:
where E and ν are respectively the elastic modulus and Poisson's ratio of the sample, and a is the tip apex radius.
To use this equation, three assumptions have to be made:
• the tip-sample interaction forces only produces elastic deformation of the sample, neglecting viscoelastic effects in polymers;
• there are only electrostatic repulsive and van der Walls attractive forces acting between the tip and the sample;
• the tip-sample system can be modelled by a cylinderplane system. Cantilevers used in this work are rather stiff leading to high indentation depths (several nanometres). Tips characterization by field electrons gun-scanning electron microscopy (FEG-SEM) (figure 1) shows that tips can be considered as cylinders provided the indentation depth is lower than 100 nm. Tip apex radii typically range between 10 and 15 nm.
Force modulation
In force modulation, the sample and the tip are previously placed in contact with an interaction force kept constant, called the static contact force (F 0 ). A modulation of the sample vertical position is added to its contact equilibrium position and the subsequent modulation movement of the cantilever deflexion is measured by means of a lockin amplifier. The amplitude and the phase shift of the cantilever response are influenced by the viscoelastic properties of the surface. In FMM, the sample vertical position is modulated during the sample scanning and simultaneous acquisition of topographical and viscoelastic maps of the surface can be realized. The sample-tipcantilever system can be modelled as a mechanical system with springs and 'dampings' as shown in figure 2 [22, 23] , where k c , β c and m * are respectively the cantilever stiffness, its damping constant and its effective mass and k i and β i are respectively the tip-sample interaction effective stiffness and damping constant. The expression for the sample and tip positions are given by:
where z 0 and d 0 are the sample and the tip equilibrium positions corresponding to the static contact force, F 0 ; z 1 and d 1 are respectively the amplitudes of the sample modulation movement and the tip response, ω is the modulation frequency and ϕ is the phase shift of the tip response with respect to the sample modulation. In order to analytically solve the model, the assumptions have to be done [22, 23] that the modulation amplitude is small enough to consider that k i and β i are constant for a given static load and to prevent lateral sliding of the tip which could be induced by large modulation amplitudes. If the interaction damping constants are neglected, i.e. the interaction is mostly elastic, which could be particularly critical for polymers, the relationship between the sample and the cantilever modulations can be simplified.
When the modulation frequency is much lower than the cantilever resonance frequency, ω c , the solution becomes: The elastic response, d 1 /z 1 ratio, becomes weakly dependent on k i when k c /k i ≤ 1. It thus necessitates the use of stiff cantilevers to obtain good contrasts between softer and more rigid materials. On the other hand, since z 1 must be small to avoid tip sliding effects (a few tens of angströms), d 1 /z 1 becomes very weak when k i /k c < 10 −2 , which hinders the sensivity for very soft surfaces such as polymer surfaces.
When ω ω c , the solution becomes:
the elastic response, d 1 /z 1 ratio, is strongly dependent on k i and falls down dramatically with ω. Thus, the range of investigation of samples with different k i is limited and the choice of ω is critical. k i , the tip-surface effective stiffness is given by ∂F /∂δ. Using equation (2) for the cylinder-plane geometry, k i becomes equal to:
With a typical tip apex radius a = 10 nm, the interaction stiffness is higher than 30 N m −1 in the case of a PP sample (E = 1.5 GPa, ν = 0.3) and close to 0.5 N m −1 for a EP sample (E = 20 MPa, ν = 0.5). As k i for polymers is small, it is better to work at low modulation frequencies (ω ω c ) with a cantilever stiffness of the same order of studied samples k i .
Materials
Plates (thickness = 2 mm) of monophasic polymers ((ethylene-propylene) copolymer, EP, polypropylene, PP, and polycarbonate, PC) with different elastic moduli ranging from 10 to 3000 MPa were realized by compression moulding on polyimide (Kapton, Du Pont de Nemours) for 2.5 min at 220
• C under a pressure of 450 kPa. The elastic moduli were determined by dynamic mechanical analysis, DMA, at 1 Hz (Rheometrics, model RSA II DMTA). The origin and the Young's modulus of these polymers are given in table 1.
The PP/EP physical blend was obtained by mixing pellets of polypropylene (PP(2), E = 1500 MPa) and of (ethylene-propylene) copolymer (EP(5), E = 20 MPa) in a Brabender mixer at 60 rpm and 180
• C during 5 min. The composition of this blend was equal to 80 wt% of PP and 20 wt% of EP. The materials were ground in liquid nitrogen and then compression moulded under the same conditions as the monophasic polymers. The PP/EP 'reactor blend' (Hifax SP179) was supplied by Montell (Ferrara, Italy). Plates of 10 × 15 cm 2 were injected with a DK300T Codim by Renault (Rueil-Malmaison, France). The injection conditions were the following: material temperature = 270
• C, mould temperature =
30
• C, injection speed = 20 mm s −1 , holding pressure = 270 bar. The blend contains 23 wt% of EP, the viscosity ratio between xylene-soluble fraction (mainly amorphous EP) and xylene-insoluble fraction (mainly crystalline PP) is close to 3.2.
Films of chlorinated polypropylene, CPO (CP343-3, Eastman Chemical SA, USA) were deposited on different substrates (silicon wafers, PP or EP plates). Substrates were first directly dipped in the CPO solution giving thick films of approximately 10 µm. Thinner films were prepared by spin-coating CPO dissolved in xylene at concentrations of 0.8, 4 and 8 g l −1 at 2000 rpm on the different substrates. The thickness of the films deposited on silicon was measured by ellipsometry and was found to be equal to 30, 200 and 400 nm respectively for the three CPO concentrations. It was then assumed that the thicknesses of the films deposited on the other substrates (PP and EP) were approximately the same as that on silicon for the same CPO concentration. 
Experimental conditions
Force curves, local force modulation, AFM and FMM images were realized in air with an Autoprobe CP from Park Scientific Instruments (Sunnyvale, CA) using a 100 µm scanner.
The cantilevers were 2 µm-thick silicon Ultralevers (Park Scientific Instruments) with k c typically equal to 20 N m −1 . The apex radius of the used tips determined by FEG-SEM ranges between 10 and 15 nm (figure 1). The cantilevers stiffnesses were determined by the measurement of the free resonance frequency of the cantilever in air [24] .
Force curves were taken at 1 Hz with a sample vertical scan range of approximately 500 nm. In order to use Hooke's law to estimate the contact force, the sensitivity of the position sensitive diode to the laser beam deflexion measured in Volt have to be converted into tip displacement in nanometres. This calibration was realized by performing force curves on silicon wafers making the assumption that there is no tip indentation [14] .
For the local force modulation measurements and the FMM imaging, the sample vertical position was modulated by adding a sinusoidal signal to the z-voltage applied to the piezoelectric scanner. Unless specified otherwise, the modulation amplitude, z 1 , was equal to 7Å and the frequency was equal to 2 kHz. The deflexion signal of the cantilever was measured with a dual phase lock-in amplifier (EG&G Princeton Applied Research, Model 5210). The static force, F 0 , varied between 10 and 200 nN. The cutoff frequency of the feedback loop was maintained below 300 Hz. For AFM and FMM imaging, the scanning frequency was equal to 0.4 lines/s.
Results and discussions

AFM determination of polymer surface elastic properties
5.1.1. Force curves. Typical force curves measured on the polymers with different elastic moduli are presented in figure 3 . The slope of force curves increases with the elastic modulus of the sample. For each polymer and for all the tips, the force varies linearly with the indentation depth (δ < 100 nm). This suggests that the forceindentation curves can be modelled using the cylindrical punch geometry [19] .
Using equation (2) with a tip apex radius of 10 nm and a Poisson's coefficient intermediate between 0.3 and 0.5, the Young's modulus of each sample has been deduced. In figure 4 , the moduli of the samples calculated from force curves are compared to those measured by DMA. This figure shows a good correlation between both values particularly when the elastic modulus is high (E > 500 MPa). The large error bars obtained for high modulus samples is due to the lack of accuracy occurring when the indentation depth is calculated by subtracting the lever displacement to the sample displacement.
5.1.2.
Local force modulation. Figure 5 presents the dynamic response, d 1 /z 1 ratio, measured by force modulation on the same polymer samples as a function of their elastic modulus. The measurements were performed with a static force equal to 50 nN. The relationship obtained reveals the dependency of the dynamic response towards the polymer elastic modulus. However, the measured values seem to reach a plateau around 0.6 (0.63 on silicon wafers instead of the expected value close to 1). This effect could be explained either by damping of the modulation applied to the sample in the scotch tape used to fix samples on the AFM sample holder or by the fact that the modulation solicitation is not exactly normal to the sample surface due to cantilever tilt that may lead to more or less important sliding effects controlled by the balance between the buckling stiffness of the cantilever and the sample surface friction stiffness [25] .
By normalizing the dynamic responses measured on polymers to that measured on silicon and by applying equations (5) and (7) using a tip apex radius of 10 nm, the surface elastic moduli have been deduced and compared with the Young's moduli measured by DMA. This comparison is presented in figure 6 . It shows that the elastic model used is only acceptable for samples having a high elastic modulus (>1000 MPa).
However, the results show that the slope of force curves and dynamic responses measured by force modulation on polymer surfaces are related to the Young's modulus of the polymer. These relationships may be used as calibration scales to evaluate the elastic properties of polymer surfaces. The application of the elastic Hertz theory to these results is quantitatively acceptable for rigid samples (E > 1000 MPa). The deviation from the theory is especially large for samples having low elastic modulus. In this case, viscoelastic and adhesive effects should be taken into account. Moreover, the cantilever stiffnesses chosen in this work are more adapted to polymers having high elastic modulus (k c ≈ k i when E = 1 GPa). As can be observed in figure 3 , the indentation depth is important on samples having low elastic modulus and may lead to plastic deformation. Table 2 . Dynamic responses measured by local force modulation on the matrix and the nodules of the physical blend surface and on the surface of pure PP and pure EP at a static load of 50 nN ( figure 8(b) ). The values are the mean values obtained from 10 measurements realized at different spots on the samples' surface. figure 7 , the influence of the CPO layer thickness deposited on different substrates on the dynamic response measured by force modulation is presented. All these measurements were performed under the same conditions (same tip, same static force equal to 50 nN). On the EP substrate, the dynamic response, d 1 /z 1 ratio, on a thin CPO layer is low and almost corresponds to that measured on the bare EP substrate. When the CPO layer thickness increases, the d 1 /z 1 ratio increases and reaches values typical for rigid polymers on the thickest layer.
On silicon, the measured dynamic response is equal to 0.63 on the bare substrate. When the CPO layer thickness increases, it decreases towards values typical for rigid polymers on the thicker layers (0.55-0.6). These observations show that, under our working conditions, force modulation responses are influenced by the subsurface elastic properties until a certain depth. Thus, there is a volume of the sample which interacts with the tip. Its dimensions will depend on the sample elastic properties. They can be controlled by modifying the static contact force between tip and sample and/or the modulation amplitude. Comparison of the topographic image ( figure 8(a) ) and the elastic image ( figure 8(b) ) shows that the soft regions correspond to holes in the AFM image. These holes are partially due to the tip indentation in the soft material and prove that the topographic image contains artefacts related to the mechanical heterogeneity of the surface.
The results of local measurements of the dynamic response on the PP matrix and on the EP nodules of figure 8 are given in table 2 and are compared with the values measured on pure PP and EP plates. These measurements reveal that the PP matrix and EP nodules of the blend surface have the same elastic properties than the surface of the respective pure samples. This interpretation is confirmed by studying the histogram of the dynamic response presented in figure 8(c) corresponding to the FMM image of figure 8(b) . In the histogram, two peaks are observed at 0.25 and 0.6. These ratios are very close the values obtained by local measurements on EP and PP respectively (table 2). These results suggest that, in this case, EP is present at the outermost surface of the sample. Figures 9(a) , (b) and 10(a), (b) show the topographic AFM and the elastic FMM images respectively taken on the surface and in the bulk of a PP/EP 'reactor blend' plate. The bulk analyses were performed on 5 µm-thick cut realized at −40
'Reactor blend'.
• C. FMM also reveals soft regions (EP nodules) embedded in a rigid matrix (PP) both at the surface and in the bulk. The roughness of the plate surface is very high (R rms = 171 nm), so topographical holes due to differential indentation depth between soft and rigid phases are hidden by the sample surface topography. This is not the case for the bulk images where holes corresponding to EP nodules can be observed on the topographic image.
Comparison between figures 9(b) and 10(b) reveals that, in the bulk, a large contrasts exists between the elastic response on the EP nodules and on the PP matrix while, at the surface, this contrast is weaker and nodules with various grey levels are observed. This qualitative analysis is confirmed by the quantitative local measurements of the d 1 /z 1 ratio on the PP matrix and on the EP nodules in the bulk and at the surface (table 3) . These measurements show that PP has the same elastic properties in the bulk and at the surface. They also suggest that surface EP nodules have higher stiffness values than bulk nodules. Finally, the elastic response values measured on the surface nodules are more spread than on the bulk nodules. The histograms of the dynamic responses (figures 9(c) and 10(c)) confirm these observations. In the bulk, a sharp peak corresponding to PP is observed close to 0.6 and a broad one between 0.15 and 0.4. This broad peak can be explained by the complex microstructure of EP nodules of 'reactor blends' leading to inhomogeneous mechanical properties [17] . At the surface, a single peak appears close to 0.6 with a shoulder extending towards the low d 1 /z 1 values. The analysis of these histograms in terms of surface area having d 1 /z 1 values lower than various limits (table 4) shows that the surface EP content is lower than in the bulk. All these observations can be explained by the presence of a surface PP skin with varying thickness covering the EP nodules present close to the surface. FMM contrasts show that, whatever the type of blend, the matrix is much stiffer than the EP nodules, allowing us to reveal the EP surface morphology (lateral distribution and shape of nodules). In terms of elastic properties, no difference is observed between the pure EP surface and the EP nodules at the surface of the physical blend. In this case, the EP nodules are actually present at the outermost surface. For reactor blends, some nodules on the surface appear stiffer than in the bulk. The origin of these differences can be explained by the presence of a thin skin of PP covering the nodules. The study of the effect of CPOlayer-thickness on the surface elastic properties leads us to suppose that the value of the d 1 /z 1 ratio can reflect the PP skin thickness. When the contact force or the modulation amplitude increases, the indentation depth and the interaction volume of the tip increase enabling us to detect deeper EP nodules. The presence of the PP skin at the surface of injection moulded PP/EP blends have been already proposed in the literature [5, [26] [27] [28] . It can be explained by the fact that the injection moulding process induces high shear rate at the surface; the phase having the lower viscosity (PP) tends thus to go to the surface in order to minimize friction forces during moulding process [29] .
Conclusions
The surface elastic properties of polymers with a large range of elastic moduli were investigated by force curves and force modulation measurements. The slope of a force curve and the amplitude of the tip response to a sample modulation were found to be proportional to the elastic modulus. These relationships supply calibration scales in order to estimate the local elastic modulus of a polymer sample. In a first simple approach, models coming from elastic theory were used to fit the relationships. Quantitative good results were obtained for rigid polymers (E > 1000 Mpa). When the elastic modulus of the sample is low, a deviation between results and theory is observed. In the future, the modelization will be improved by a better adaptation of the experimental conditions to the sample properties and by integrating viscoelastic and adhesive phenomenons.
The preliminary study on the effect of CPO-layerthickness on surface elastic properties shows that novel information concerning the depth distribution of the EP phase from the outermost to the subsurface can be obtained.
The mapping of elastic properties was successfully applied on PP/EP blend surfaces in order to reveal, for once, the surface morphology without surface pre-treatment. A quantitative analysis shows that EP nodules are at the top surface of the compression moulded physical blend and under a skin of PP of the injection moulded 'reactor blend'. In the future, the surface morphologies of 'reactor blends' moulded in different conditions will be studied in order to get a better understanding of the relationship between the surface morphology of PP/EP injection moulded blends and their adhesion properties.
